We have observed x-ray magnetic circular dichroism ͑XMCD͒ in the helicity modulation mode at Ir L 2,3 edges in the ferromagnet IrMnAl ͑Curie temperature 379 K͒ at room temperature, 100 K and 30 K. This observation proves that Ir has a 5d magnetic moment in IrMnAl. Using the magneto-optic sum rules, which relate the integrated intensity of the XMCD and x-ray absorption spectra to the expectation values of spin and orbital angular momenta of Ir, the orbital moment to spin moment ratio, the spin moment and the orbital moment of Ir at 30 K have been deduced to be Ϫ0.17(2), 0.018͑1͒ B , and Ϫ0.0031(8) B , respectively. dc magnetization measurements yielded a total moment of 0.123 B /atom showing that the magnetic moment of Mn is also strongly reduced. We suggest that the extremely small moments of Mn and Ir in IrMnAl are associated with the suppression of local moments and delocalization of 3d and 5d electrons due to their strong hybridization with the sp electrons of Al atoms.
I. INTRODUCTION
Manganese based ternary intermetallic compounds which crystallize in L2 1 and C1 b structure exhibit a rich variety of electronic properties such as half-metallic ferromagnetism characterized by a metallic majority spin band and a semiconducting minority spin band.
1 Such a band structure gives rise to complete spin polarization at the Fermi energy. Usually, these compounds have a high Curie temperature and the Mn atoms possess a saturation moment of several Bohr magnetons. The half-metallic ferromagnets are technologically promising materials for spin devices based on the applications of spin-polarized transport.
2 IrMnAl is also an interesting compound from this point of view since it is also expected to exhibit half-metallic ferromagnetic behavior. IrMnAl crystallizes in the fluorite (C1) structure. 3 A Heusler structure differs from the C1 structure in having additional atoms at the edge centers and at the body center. Earlier reports suggest that IrMnAl has a Curie temperature of about 400 K. 3 The magnetic moment on Mn in IrMnAl has been reported to be 0.4 B . The magnetic moment of IrMnAl is much smaller than the total moment of 2 -5 B found in ferromagnetic Mn compounds with either L2 1 or C1 b crystal structure. For example, Mn has a moment of 4 B in the Heusler alloy PtMnSb. 4 Therefore, further experimental investigations on the origin of unusually small moment magnetism of IrMnAl are desirable.
X-ray magnetic circular dichroism ͑XMCD͒ spectroscopy using synchrotron radiation has been shown to be a suitable technique to investigate element specific magnetic moments of 3d, 4d and 5d atoms in ferromagnets. [5] [6] [7] [8] [9] [10] In addition, XMCD can be applied to investigate the magnetocrystalline anisotropy in transition metal thin films that exhibit ferromagnetic ordering.
11 Hard x-ray magnetic circular dichroism measurements at Ir L edges in binary alloys of Ir with Fe, Co, and Ni show that Ir develops a sizable induced magnetic moment.
6,12,13 Presently, it is not clear why Mn has a very small magnetic moment in IrMnAl although the Curie temperature is comparable to other Mn based ferromagnets. It is also not known whether Ir has a 5d moment in IrMnAl or not. In order to understand whether Ir is magnetic in IrMnAl, we have investigated the magnetism of Ir in IrMnAl using Ir L 2,3 edge x-ray magnetic circular dichroism spectroscopy in combination with the photon helicity modulation technique. The photon helicity modulation technique offers higher sensitivity as compared to the conventional XMCD measure-ment in which the photon helicity is held fixed while the magnetic-field direction is reversed periodically. In this paper, we present high sensitive Ir L 2,3 edge XMCD experimental results, which clearly show an ordered 5d moment on Ir in IrMnAl. The moment size could be determined by applying the magneto-optic sum rules to the XMCD and x-ray absorption spectra ͑XAS͒ which yielded a spin moment of 0.018(1) B and an orbital moment of Ϫ0.0031(8) B for Ir in IrMnAl at 30 K. dc magnetization measurements show that the total moment of IrMnAl is 0.123 B /atom suggesting a strongly reduced 3d and 5d moment ferromagnetism with a fairly large Curie temperature in this compound.
II. EXPERIMENT
Polycrystalline sample of IrMnAl was prepared by arc melting high-purity elements Ir͑4N͒, Mn͑4N͒, and Al͑4N͒ taken in the ratio 1:1:1 in argon atmosphere. The samples were repeatedly melted to ensure composition homogeneity. X-ray diffraction performed at room temperature confirmed the formation of the intermetallic compound IrMnAl in the C1 structure ͑space group: Fm3m, No.225͒ in which Mn atoms occupy the 4a ͑0,0,0͒ site and Ir as well as Al atoms randomly occupy the 8c ͑1/4,1/4,1/4͒ site. The lattice constant a is found to be 5.981 Å which is in agreement with the previous papers. 3 The sample was powdered and filtered through a 30m mesh and were coated on a scotch tape. A multilayered tape optimized for the L edge jump of Ir was placed in a magnetic field of 1.15 T longitudinal field produced by a permanent magnet. XMCD measurements were carried out in the transmission mode at the undulator beamline BL29XU at SPring8. The beamline is equipped with a liquid N 2 cooled Si͑111͒ double crystal monochromator. 14 The Si͑111͒ monochromater was detuned slightly to avoid the contribution of higher-order harmonics in the 11-13 keV region.
We have used the helicity modulation technique for periodically modulating the circular polarization of the incident x-rays. 15 Left-circularly polarized and right-circularly polarized x-rays were generated by a diamond diffractive phase retarder set to make bistable oscillations around the Bragg angle B . The degree of circular polarization ͉P C ͉ for the experimental set up was greater than 90%. The XMCD signal ⌬t were recorded by switching the helicity of the x-rays at a rate of 40 Hz while keeping the direction of longitudinal magnetic field fixed. 15 The sample was cooled using a closed cycle refrigerator. XMCD measurements were carried at the Ir L 2,3 edges at 297 K, 100 K, and 30 K.
III. RESULTS AND DISCUSSION

A. Magnetization
Figure 1͑a͒ displays the magnetization versus temperature curves measured in a magnetic field of 500 mT. The magnetization appears below 380 K showing long-range ferromagnetic ordering. The temperature dependence of magnetization has been parametrized by the power law:
where M͑0͒ is the magnetization at absolute zero, T C is Curie temperature, both ␤ and ␥ are exponents. The best fit displayed over the data in Fig. 1͑a͒ yielded
.29(5), and ␥ ϭ0.815(35). The Curie temperature of our sample is 4.5% less than the Curie temperature reported in Ref.
3. We attribute the discrepancy to a small amount of disorder in our sample. Figure 1͑b͒ displays the magnetization versus applied magnetic-field hysteresis loop in IrMnAl measured at 5 K. Note that the magnetization does not saturate at the highest applied field of 5.5 T suggesting a possible formation of ferromagnetic clusters in the sample. In order to extract the magnetic moment per atom, we have used the extrapolated value of 2.5 emu/g for the saturation magnetization at a higher field of 9 T. From this value of , we have obtained the magnetic moment of 0.123 B /atom for IrMnAl. Therefore, the magnetic moment of IrMnAl, particularly, the magnetic moment of Mn is strongly reduced in this compound as compared to the magnetic moment of Mn in ferromagnets with Heusler or C1 b structure. 
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100, and 30 K. The XMCD spectra show a peak and its spectral intensity, the so called white line intensity, is significant around respective threshold energy E 0 of L 3 and L 2 edges of Ir. Such a feature is indicative of a 5d contribution to the density of states at the Fermi energy E F and hence prove that Ir has a magnetic moment in the compound. The peak height and the area under the peak in the XMCD spectrum exhibit a temperature dependence suggesting that the magnetization and the magnetic moment at the Ir site are temperature dependent in IrMnAl. In order to obtain the magnetic moment of Ir from the XMCD and x-ray absorption spectra ͑XAS͒, we have normalized these spectra such that the height of the L 3 edge jump in the XAS is unity. An arc tangent function, i.e., a nearly step function, which smoothly connects the preedge and after-edge baselines of XAS, was subtracted from normalized XAS. 16 The resulting difference spectra consisted a Lorentzian shaped white line and a broad satellite. The white line intensity was obtained by integrating the difference spectra and the normalized XMCD integrals for L 3 and L 2 were obtained with the integration range of Ϯ40 eV around the energy E 0 of the edge, which is the energy corresponding to a maximum in ͉⌬t͉.
The orbital magnetic moment orb and the spin magnetic moment spin can be extracted from the XAS and XMCD spectra using the magneto-optic sum rules. 16 To extract orb of Ir, we use the orbital angular momentum L Z sum rule:
and to extract the spin magnetic moment spin of Ir, we use the spin angular momentum sum rule:
where n h is the number of 5d holes, ͗L Z ͘, ͗S Z ͘, and ͗T Z ͘ are the expectation values of the orbital angular momentum, the spin angular momentum and the magnetic dipole operator in the ground state, respectively. Considering that IrMnAl exhibits metallic behavior, we assume that the number of 5d holes for Ir as 2.7. Applying the L Z sum rule, orb of Ir could be extracted as Ϫ0.0031(8) B per atom in IrMnAl at 30 K. The small value of orb for Ir in this compound is indicative of small spinorbit coupling. This would mean that the orbital angular momentum of Ir is significantly quenched as a result of strong crystal-field effects. To extract spin from the spin angular momentum sum rule, we need to know the expectation value of the magnetic dipole operator ͗T Z ͘ which represents the electron induced magnetic field at the site of the nucleus of atom that is being probed, i.e., Ir.
In a mean-field theory, if the spatial distribution of spins around the nucleus is spherically symmetric, the field at the nucleus is equal to the Lorentz field S Z , in close analogy with Lorentz's approximation for the electric field. 17 The constant depends on the macroscopic shape of the system. For an integration over the Lorentz sphere, has been shown to be 1/3. 17 Therefore, for cubic crystal structure and for polycrystalline samples, we approximate the field at the nucleus or ͗T Z ͘ by the Lorentz local field, S Z /3. 18 In the above discussion, we have also assumed that the local field at the nucleus is dominated by the spin polarization, which is supported by the small value of the orbital moment ͗L Z ͘ of Ir in IrMnAl found in the present XMCD experiment. The spin moment values derived for Ir in Fe-Ir alloys, which form in the cubic structure, 12 from the XMCD spectra with the Lorentz local field approximation of ͗T Z ͘ are found to be in agreement with the theoretical spin moment values. The XAS and XMCD data at 30 K yielded the value of spin moment spin ϭ0.018(1) B per atom. The ratio of orbital moment to spin moment comes out to be Ϫ0.17(2). Table I summarizes the orbital moment, spin moment, the total moment and the orbital moment to spin moment ratio at the three measured temperatures of 297, 100, and 30 K. These results show that the total moment of Ir increases with the decrease of temperature. Note that orb / spin Ͻ0. Although the size of the spin and orbital components of Ir moment are smaller, they violate Hund's third rule, similar to the case of Ir 5d moment in ferromagnetic Fe-Ir, Co-Ir, and Ni-Ir alloys.
12, 13 Wilhelm et al., also found violation of Hund's third rule for the magnetic moment of W in Fe/W multilayers. 19 However, they found that the Hund's third rule was not violated for Ir in Fe/Ir multilayers. Therefore, the magnetic behavior of Ir in IrMnAl is quite different as compared to the observed behavior of Ir moment in multilayers. These observations suggest that both the sign and the magnitude of the orbital moment of Ir is sensitive to the local magnetic environment and the dimensionality of the lattice. The magnetic moment of Ir in IrMnAl is also smaller by an order of magnitude as compared to the Ir moment in IrMnSb which crystalizes in the C1 b type crystal structure. 20 It is also smaller by a similar magnitude when compared to the magnetic moment of Ir in the Heusler compound Fe 2 IrSi, measured by XMCD spectroscopy. 21 Note that the measured spin and orbital magnetic moments of Ir in IrMnAl demonstrate the sensitivity of XMCD to detect a spin moment on the order of 10 Ϫ2 B and an orbital moment of the order of 10 Ϫ4 B . The reduction of magnetic moments in IrMnAl can be attributed to strong hybridization of Al sp band conduction electrons with the 3d electrons of Mn and the 5d electrons of Ir. Since Al is expected to be in a valence state close to 5Ϫ, the conduction electrons in IrMnAl will be largely of sp character. The sp electrons of Al, i.e., the conduction electrons couple antiferromagnetically with the d electrons and destabilizes the local moment on Mn. As a result of this antiferromagnetic coupling, the local moment of Mn gets strongly suppressed. However, a small fraction of 3d states of Mn which are partly delocalized can develop spin polarization and can order ferromagnetically as in the case of the weak itinerant ferromagnets such as Sc 3 In and ZrZn 2 . 22 The increase of XMCD intensity with the decrease of temperature shown in Fig. 2 suggests an increase in the magnetization of Ir, consistent with the temperature dependence of the magnetization of Mn in the compound.
The small spin moment of Ir and the small net moment of 0.123 B in IrMnAl may also be associated with a noncollinear magnetic structure of Mn moments in this compound. In such a case, Mn atoms might have a much larger moment than the net moment of 0.123 B observed in the magnetization with a noncollinear magnetic structure in the ferromagnetic state of IrMnAl. Electronic structure calculations using the ab initio projector augmented plane wave ͑PAW͒ method for noncollinear magnetism also suggest that the magnetic moments of Mn in IrMnAl are ordered in a noncollinear structure. 23 We suggest neutron-diffraction measurement of the magnetic structure in order to further understand the reduced moment magnetism of IrMnAl.
IV. CONCLUSIONS
X-ray magnetic circular dichroism measurements, performed at Ir L 2,3 edges at room temperature, 100 K and 30 K show a direct evidence for a small 5d moment on Ir in the intermetallic compound IrMnAl. The total moment of Ir has been determined to be 0. 
